DeLorey DS, Clifford PS, Mittelstadt S, Anton MM, Kluess HA, Tune JD, Dincer UD, Buckwalter JB. The effect of aging on adrenergic and nonadrenergic receptor expression and responsiveness in canine skeletal muscle. J Appl Physiol 112: 841-848, 2012. First published December 22, 2011 doi:10.1152/japplphysiol.00945.2011.-We tested the hypothesis that adrenergic and nonadrenergic receptor responsiveness and protein expression would be altered with advancing age. Young (n ϭ 6; 22 Ϯ 1 mo; mean Ϯ SE) and old (n ϭ 6; 118 Ϯ 9 mo) beagles were instrumented with flow probes and an indwelling catheter for continuous measurement of external iliac blood flow and arterial blood pressure. Vascular conductance (VC) was calculated as hindlimb blood flow/mean arterial pressure. Selective agonists for ␣-1, ␣-2, neuropeptide-Y (NPY), and purinergic (P2X) receptors were infused at rest and during treadmill running at moderate (2.5 mph) and heavy (4 mph with 2.5% grade) exercise intensities. Feed arteries were dissected from gracilis muscles, and ␣-1D, ␣-1B, ␣-2A, P2X-4, P2X-1, and NPY-Y1 receptor protein expression was determined. Phenylephrine produced similar decreases (P Ͼ 0.05) in VC in young and old beagles at rest (young: Ϫ62 Ϯ 5%; old: Ϫ59 Ϯ 5%) and during moderate (young: Ϫ67 Ϯ 5%; old: Ϫ62 Ϯ 4%) and heavy (young: Ϫ54 Ϯ 4%; old: Ϫ49 Ϯ 3%) exercise. Clonidine caused similar (P Ͼ 0.05) decreases in VC in old compared with young dogs at rest (young: Ϫ59 Ϯ 8%; old: Ϫ70 Ϯ 6%) and during moderate (young: Ϫ52 Ϯ 6%; old: Ϫ47 Ϯ 5%)-and heavy (young: Ϫ42 Ϯ 5%; old: Ϫ43 Ϯ 5%)-intensity exercise. NPY infusion resulted in a similar decline in VC in young and old beagles at rest (young: Ϫ40 Ϯ 7%; old: Ϫ39 Ϯ 9%) and during moderate (young: Ϫ47 Ϯ 6%; old: Ϫ40 Ϯ 6%)-and heavy (young: Ϫ40 Ϯ 3%; old: Ϫ38 Ϯ 4%)-intensity exercise. ␣-␤-Methylene-ATP also produced similar decreases in VC in young and old beagles at rest (young: Ϫ36 Ϯ 6%; old: Ϫ40 Ϯ 8%) and during exercise at moderate (young: Ϫ42 Ϯ 5%; old: Ϫ40 Ϯ 9%) and heavy (young: Ϫ47 Ϯ 5%; old: Ϫ42 Ϯ 8%) intensities. ␣-1B receptor protein expression was elevated (P Ͻ 0.05) in old compared with young dogs, whereas there were no age-related differences in ␣-1D or ␣-2A receptor expression and nonadrenergic P2X-4, P2X-1, and NPY-Y1 receptor expression. The present findings indicate that postsynaptic adrenergic and nonadrenergic receptor responsiveness was not altered by advancing age. Moreover, the expression of adrenergic and nonadrenergic receptors in skeletal-muscle feed arteries was largely unaffected by aging. blood flow; exercise; sympathetic; vasoconstriction SYMPATHETIC VASOCONSTRICTION is mediated by the neurotransmitter norepinephrine (NE) and sympathetic cotransmitters, including the nonadrenergic neurotransmitters neuropeptide-Y (NPY) and ATP (11). NE binds to postsynaptic ␣-1 and ␣-2 adrenergic receptors, whereas NPY and ATP bind to NPY-Y1 and purinergic (P2X) receptors, respectively, to produce vasoconstriction (3a, 5, 6, 8, 11, 39). Indeed, sympathetic nerve activity has been shown to produce adrenergic and nonadrenergic receptor-mediated tonic vasoconstriction in young and old humans and animals at rest and during exercise (3a, 4, 6, 7, 7a, 13, 40).
including the nonadrenergic neurotransmitters neuropeptide-Y (NPY) and ATP (11) . NE binds to postsynaptic ␣-1 and ␣-2 adrenergic receptors, whereas NPY and ATP bind to NPY-Y1 and purinergic (P2X) receptors, respectively, to produce vasoconstriction (3a, 5, 6, 8, 11, 39) . Indeed, sympathetic nerve activity has been shown to produce adrenergic and nonadrenergic receptor-mediated tonic vasoconstriction in young and old humans and animals at rest and during exercise (3a, 4, 6, 7, 7a, 13, 40) .
It is generally accepted that aging is associated with an increase in resting muscle sympathetic nerve activity (MSNA) (17, 41) . Despite this chronic elevation of MSNA, the available scientific literature related to the effect of aging on the neural control of skeletal muscle vascular tone at rest and during exercise is contradictory. For example, in the human forearm, nonselective ␣-adrenergic receptor blockade produced a smaller increase in resting blood flow in old compared with young adults (16) , suggesting that tonic ␣-adrenergic receptormediated vasoconstriction was reduced with age. In contrast, in the leg, nonselective ␣-adrenergic receptor blockade elicited greater increases in resting blood flow and vascular conductance (VC) in older adults, suggesting that tonic ␣-adrenergic receptor-mediated vasoconstriction was elevated with age (19) . We recently demonstrated that the magnitude of basal nonadrenergic receptor-mediated tonic vasoconstriction in the skeletal muscle vascular bed was altered with aging, with P2X receptor-mediated constriction being elevated and NPYmediated constriction reduced in old compared with young dogs, whereas adrenergic receptor-mediated constriction was unaffected (13) . In contrast, during dynamic exercise, both adrenergic and nonadrenergic receptor-mediated vasoconstriction was similar in old and young dogs (13) .
An alteration in the magnitude of tonic vasoconstriction with aging may be mediated by presynaptic and/or postsynaptic factors. Changes in the magnitude and/or pattern of sympathetic outflow and neurotransmitter synthesis and release may alter the amount and relative proportions of neurotransmitters available (3, 21, 22, 30, 32, 37, 39, 43, 44) . Additionally, the responsiveness and density of postsynaptic receptors may alter the amount of constriction, independent of changes in sympathetic activity.
Thus further investigation of the effect of aging on postsynaptic mechanisms of vasoconstriction is warranted. Current evidence regarding the effect of aging on postsynaptic receptor responsiveness is limited to studies of ␣-adrenergic receptors and has produced conflicting results with reports that ␣-adren-ergic receptor responsiveness is unchanged (1, 12, 35) , increased (20, 46) , or even decreased (15, 42) with aging. The effect of aging on postsynaptic, nonadrenergic sympathetic receptor responsiveness has yet to be investigated. Additionally, the influence of aging on the expression/density of postsynaptic sympathetic adrenergic and nonadrenergic receptors in the skeletal-muscle vasculature is unknown.
Therefore, the purpose of the present study was to investigate the effect of aging on postsynaptic adrenergic and nonadrenergic receptor responsiveness and protein expression in resting and contracting skeletal muscles. We hypothesized that aging would be associated with increased responsiveness and expression of adrenergic (␣-1 and ␣-2) and nonadrenergic (NPY and P2X) receptors.
METHODS
All experimental procedures were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin and were conducted in accordance with the American Physiological Society's Guiding Principles in the Care and Use of Animals. Young (n ϭ 6; 22 Ϯ 1 mo) and old (n ϭ 6; 118 Ϯ 9 mo) beagles were selected for their willingness to run on a motorized treadmill and were chronically instrumented in a series of three sterile surgeries. These animals were used in a previous investigation (13) . Each animal underwent a series of three sterile surgeries. For each surgery, anesthesia was induced with thiopental sodium (25 mg/kg; Gensia Sicor Pharmaceuticals, Irvine, CA), after which, animals were intubated with a cuffed endotracheal tube, and a surgical level of anesthesia was maintained through mechanical ventilation with 1.5% isoflurane (Halocarbon Products, River Edge, NJ) and 98.5% O 2. Animals were given an analgesic for pain management (buprenorphrine hydrochloride, 0.015 mg/kg; Reckitt & Colman, Kingston-upon-Hull, UK) and received antibiotics for 10 days, (cefazolin sodium, 500 mg twice/day; Apothecon, Princeton, NJ) postoperatively. During the first surgery, the carotid arteries were placed in neck-skin tubes so that arterial blood pressure could be measured continuously via percutaneous cannulation. In the second, ultrasonic transit-time flow probes (4 -6 mm; Transonic Systems, Ithica, NY) were placed around the external iliac of each hindlimb for measurement of skeletal muscle blood flow. Flow probe cables were tunneled under the skin to the back and externalized. Animals were given 2 wk to recover from flow probe implantation. In the final surgery, a heparinized catheter (0.045 in. OD; 0.015 in. ID; 60 cm length; Data Science International, St. Paul, MN) was implanted in a side branch and advanced into the femoral artery of one hindlimb. The catheter was tunneled under the skin to the back, externalized, and used for infusion of experimental drugs. The catheter was flushed daily with saline and filled with a heparin lock (100 IU heparin/ml in 50% dextrose solution) to maintain patency. Dogs were given 2 days to recover from the final surgery before any experimental procedures were performed.
Laboratory temperature was maintained below 20°C for all experiments to minimize changes in body temperature during the exercise sessions. For each experiment, the dog was brought to the laboratory and rested in a semirestrictive sling while the flow probes were connected to a flowmeter (Transonic Systems), and a 20-gauge intravascular catheter (Insyte, Becton Dickinson, Sandy, UT) was inserted retrogradely into the lumen of one carotid artery and attached to a solid-state pressure transducer (Abbott Laboratories, Abbott Park, IL) for measurement of arterial pressure.
To investigate the effect of aging on adrenergic and nonadrenergic receptor responsiveness at rest and during exercise, four series of investigations (series 1-4) were completed.
Series 1 and 2. To investigate the effect of aging on the responsiveness of ␣-1 and ␣-2 receptors, flow-adjusted doses of selective ␣-1 [phenylephrine (PE), 0.1 g/ml/min; series 1] and ␣-2 (clonidine, 1 g/ml/min; series 2) agonists were infused into the experimental hindlimb, while the animals rested quietly and while the dogs ran on a motorized treadmill at a moderate (2.5 mph) and heavy (4 mph and 2.5% grade) exercise intensity.
Series 3 and 4. To investigate the effect of aging on the responsiveness of NPY-Y1 and P2X receptors, flow-adjusted doses of selective NPY-Y1 ([Leu 31 ,Pro 34 ] NPY, 1 g/ml/min; series 3) and P2X (␣,␤-methylene ATP, 1 g/ml/min; series 4) agonists were infused into the experimental hindlimb while the animals rested quietly and while the dogs ran on a motorized treadmill at moderate (2.5 mph) and heavy (4 mph and 2.5% grade) exercise intensities.
Pharmacological infusions. Each agonist was infused at rest and at each exercise intensity on a separate day in random order; thus each animal was brought to the laboratory on six occasions to complete series 1 and 2 and six additional occasions to complete series 3 and 4. Infusions during exercise took place after ϳ5 min of treadmill running. Small volumes of each drug (Ͻ1 ml) were infused, followed by a 3-ml saline flush. Each infusion was ϳ2-3 s in duration. Saline infusions were completed to determine the effect of the infusion vehicle in each animal at rest and during exercise. Vehicle infusions had no effect on hindlimb blood flow or systemic hemodynamics.
Arterial blood pressure, external iliac blood flow, and rectal temperature were recorded at 100 Hz directly to a computer with a PowerLab data acquisition system (ADInstruments, Castle Hill, Australia). Data were analyzed offline to calculate the absolute and relative change in mean arterial pressure (MAP), experimental and contralateral (control) limb iliac blood flow, and iliac VC (iliac blood flow/MAP) in response to intra-arterial infusions. For each agonist infusion, a 30-s average, immediately prior to each drug infusion (see Tables 1-4) , was used for comparison with the postinfusion response to calculate the magnitude of response for each variable. After drug infusion, all variables were averaged over 1-s intervals, and the nadir 1-s average for VC was chosen as the peak response. The percent change in VC was calculated as [(preinfusion VC Ϫ postinfusion VC)/(preinfusion VC)] ϫ 100. Following the completion of all conscious experiments, dogs were anesthetized. The gracilis muscles were dissected free from one hindlimb and placed in a chilled buffer solution. With the aid of a dissection microscope, feed arteries from young (n ϭ 5) and older (n ϭ 5) dogs were isolated and placed in liquid N 2 and stored at Ϫ80°C. Arteries were homogenized in 150 l buffer [50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 10 g/ml aprotinin, 10 g/ml leupeptin, 10 g/ml pepstatin, and 5:1,000 PMSF (200 nM), 5:1,000 Na 3VO4 (200 nM), and 5:1,000 NaF (200 nM)]. The homogenates were centrifuged at 45,000 rpm for 30 min at 4°C. The supernatants were collected and used for analysis. Protein quantity and quality were determined using the Experion semiautomated electrophoresis system (Bio-Rad Laboratories, Hercules, CA). Denatured protein for each sample (4 l) was loaded into an Experion Pro260 chip (Bio-Rad Laboratories). Equivalent amounts of protein were separated by gel electrophoresis (10% Tris·HCl; Criterion Precast Gel, Bio-Rad Laboratories). Proteins were transferred onto a nitrocellulose membrane (0.2 m; Schleicher & Schuell BioScience, Keene, NH) by semidry electroblotting (TransBlot SD, Bio-Rad Laboratories) at 15 V for 1 h. The nitrocellulose membrane was soaked in 10 mM Tris·HCl containing 5% nonfat dry milk (Bio-Rad Laboratories) and 0.7% polyoxyethylene-sorbitan monolaurate (Tween 20), pH ϭ 7.2, overnight at 4°C to block nonspecific sites. The membranes were then incubated with the P2X and NPY-Y1-purified goat polyclonal antibodies [1:300 dilution in Tris-buffered saline (TBS) with 5% nonfat dry milk and 0.1% Tween 20 (Santa Cruz Biotechnology, Santa Cruz, CA)] for 2 h at room temperature. Positive controls for ␣-adrenoceptor antibody subtypes were conducted using rat heart extracts. ␤-Actin antiserum was used for internal control (1:300 dilution in TBS with 5% nonfat dry milk and 0.1% Tween 20; Sigma-Aldrich, St. Louis, MO). Blots were washed and incubated with donkey anti-goat IgG-horseradish peroxidase secondary antibody (1:3,000 dilution; Santa Cruz Biotechnology) for 1 h at room temperature. Immunoreactivity was visualized with an enhanced chemiluminescence Western-blotting detection kit (Amersham Biosciences, Little Chalfont, UK). Quantitative assessment of band densities was performed by scanning densitometry.
The responsiveness of each receptor type was analyzed separately using two-way (age ϫ exercise intensity) repeated-measures ANOVA. Receptor density data were analyzed by unpaired t-test. Where significant F ratios were found, Tukey's post hoc analysis was performed. All data are presented as means Ϯ SE. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Series 1: effect of aging on skeletal-muscle ␣-1-adrenergic receptor responsiveness. Baseline hemodynamics and responses to intra-arterial infusions of PE are presented in Table 1 . Control and experimental limb blood flow and VC increased (P Ͻ 0.05) in an exercise intensity-dependent manner. Control and experimental limb blood flow and VC were not different between young and old dogs prior to the infusion of PE at rest and during exercise at moderate and heavy intensities (Table  1) . Intra-arterial infusions of PE caused similar decreases (P Ͼ 0.05) in experimental limb VC at rest and during moderateintensity exercise in young and old dogs (Fig. 1) . The vascular response to infusion of PE was reduced (i.e., sympatholysis) during heavy-compared with moderate-intensity exercise and at rest. No interaction was observed between age and exercise intensity, indicating that the amount of sympatholysis was similar between old and young dogs.
Series 2: effect of aging on skeletal-muscle ␣-2 adrenergic receptor responsiveness. Baseline hemodynamics and responses to intra-arterial infusions of clonidine are presented in Table 2 . Control and experimental limb blood flow and VC increased (P Ͻ 0.05) in an exercise intensity-dependent manner. Control and experimental limb blood flow and VC were not different between young and old dogs prior to the infusion of clonidine at rest and during moderate-and heavy-intensity exercise (Table 2) . Intra-arterial infusions of clonidine caused similar decreases (P Ͼ 0.05) in experimental limb VC at rest and during exercise in young and old dogs (Fig. 2) . The vascular response to infusion of clonidine was reduced (i.e., sympatholysis) during exercise at moderate and heavy intensities compared with rest. No interaction was observed be- Table 3 . Control and experimental limb blood flow and VC increased (P Ͻ 0.05) in an exercise intensity-dependent manner. Control and experimental limb blood flow and VC were not different between young and old dogs prior to the infusion of [Leu 31 ,Pro 34 ] NPY at rest and during moderateand heavy-intensity exercise (Table 3) . Intra-arterial infusions of NPY caused similar decreases (P Ͼ 0.05) in experimental limb VC of young and old dogs at rest and during exercise (Fig. 3) .
Series 4: effect of aging on skeletal-muscle P2X receptor responsiveness. Baseline hemodynamics and responses to intra-arterial infusions of ␣,␤-methylene ATP are presented in Table 4 . Control and experimental limb blood flow and VC increased (P Ͻ 0.05) in an exercise intensity-dependent manner. Control and experimental limb blood flow and VC were not different between young and old dogs prior to the infusion of ␣,␤-methylene ATP at rest and during moderate-and heavy-intensity exercise (Table 4) . Intra-arterial infusions of ␣,␤-methylene ATP caused similar decreases (P Ͼ 0.05) in experimental limb VC of young and old dogs at rest and during exercise (Fig. 4) .
Effect of aging on adrenergic and nonadrenergic receptor protein expression.
Western blot analysis was performed to examine gracilis-muscle feed artery receptor protein expression. Receptor protein densities in young and old dogs were normalized to young dog values. ␤-Actin content was used as an internal control, and no difference was evident between groups (data not shown). ␣-1B receptor protein expression was elevated significantly in old compared with young dogs, whereas there were no age-related differences in ␣-1D or ␣-2 receptor expression (Fig. 5) and nonadrenergic P2X-4, P2X-1, and NPY-Y1 receptor expression (Fig. 6 ).
DISCUSSION
The purpose of this study was to investigate the effect of aging on postsynaptic adrenergic and nonadrenergic receptor protein expression and receptor responsiveness in resting and contracting skeletal muscles. The primary finding from the present study was that aging does not alter the responsiveness of postsynaptic adrenergic and nonadrenergic receptors in the skeletal-muscle vasculature of the canine hindlimb at rest or during exercise. Previous studies have relied on pharmacological approaches alone. In the current study, postsynaptic receptor protein expression was also evaluated to provide a more complete picture. ␣-1D, ␣-2A, P2X-4, P2X-1, and NPY-Y1 receptor protein expression was similar between young and old 
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canines. ␣-1B receptor protein expression was significantly greater in old compared with young beagles, although this difference did not result in an enhanced response to exogenous receptor stimulation. Infusion of selective ␣-1 and ␣-2 agonists produced similar decreases in skeletal-muscle vasoconstriction at rest and during exercise in old and young beagles, suggesting that ␣-adrenergic receptor responsiveness was not affected by aging. Previous studies of the effect of aging on adrenergic receptor responsiveness have produced conflicting findings. In aged animals, studies have reported reduced (15) , unchanged (1, 12, 35) , or increased (20) ␣-adrenergic receptor responsiveness. Most recently, Donato et al. (20) reported increased NE-mediated vasoconstriction in firstorder arterioles isolated from the soleus muscle of old rats, whereas vascular responsiveness of vessels isolated from the gastrocnemius muscle was not affected by aging. In humans, Koch et al. (33) reported a larger reduction in VC in contracting skeletal muscle with cold pressor-induced reflex sympathetic vasoconstriction in old compared with young men. The authors (33) interpreted these findings as an increase in receptor responsiveness to sympathetic stimulation. Consistent with this interpretation, a larger decrease in VC during forearm contractions was observed in old compared with young men in response to infusion of tyramine (which evokes endogenous NE release) and ␣-1 and ␣-2 agonists (PE and clonidine) (18) . In another study, PE infusion resulted in a smaller decrease in VC under basal conditions, whereas there was a larger decrease in VC in old compared with young adults during a single-leg, kneeextension exercise at 40% and 60% of maximum work rate (46) . However, when these subjects performed kneeextension exercise at a similar work rate and oxygen consumption, the magnitude of vasoconstriction produced in response to PE infusion did not differ between young and old adults (46) .
The magnitude of vasoconstriction produced in response to the infusion of selective ␣-1 and ␣-2 adrenergic receptor agonists declined during exercise in both young and old beagles in the present study. These results are consistent with previous findings from our laboratory. In young humans and animals, it is well established that a number of substances released from either the active muscle or the vascular endothelium can blunt the adrenergic receptormediated vascular response to sympathetic stimulation (4, 14, 31, 38). Dinenno et al. (18) have reported that older adults exhibit a reduced ability to blunt ␣-adrenergic receptor-mediated vasoconstriction during forearm contractions. In contrast, Wray et al. (46) recently argued that the ability of the older adult to inhibit the effects of sympathetic outflow does not diminish as a function of age, evidenced by a similar vascular response to PE infusion in old and young adults exercising at the same absolute work rate. Wray et al. (46) suggested that the ability of old and young adults to inhibit sympathetic vasoconstriction was a function of the local metabolic rate. The present findings of similar sympathetic restraint and vascular responsiveness to agonist stimulation in old and young dogs at rest and during exercise at the same absolute work rates support this interpretation.
To our knowledge, this is the first study to investigate the effect of aging on nonadrenergic receptor responsiveness in resting and contracting skeletal muscle. The responsiveness of P2X and NPY-Y1 receptors was not different between young and old dogs at rest. The maintained NPY-Y1 receptor responsiveness at rest in old dogs suggests that our previous observations of diminished NPY-Y1 and augmented P2X receptormediated tonic vasoconstriction may be due to an age-associated alteration in release of NPY and ATP from sympathetic nerves under basal conditions. During exercise, nonadrenergic receptor responsiveness was not different between young and old beagles. In addition, the magnitude of vasoconstriction produced in response to the infusion of selective nonadrenergic receptor agonists was similar in resting and contracting muscle. Previous work from our laboratory has shown that both P2X and NPY-Y1 receptor responsiveness to exogenous stimulation is attenuated from rest to exercise (5, 8) . However, the heaviest work rate (4 mph and 2.5% grade) in the present study is considerably less intense than the work rate (6 mph and 10% grade) that induced attenuation in our previous publication, and it is conceivable that nonadrenergic receptors may be more resistant to sympatholysis and the work rates used in the present study were not sufficient to attenuate nonadrenergic receptor responsiveness.
The vascular response to infusion of selective agonists may be impacted by age-associated changes in receptor protein expression. In the present study, ␣-1D and ␣-2A receptor protein expression was not affected by aging, whereas ␣-1B receptor protein expression was elevated in gracilis-muscle feed arteries from old compared with young beagles. This finding suggests that aging differentially affects the expression of vascular receptors, and the overall effect is an increased expression of adrenergic receptors. The similar vascular response to PE suggests that an age-related increase in ␣-1B receptor protein expression may offset any age-associated decline in the responsiveness of individual receptors. Additionally, the similar vascular response to infusion of clonidine in combination with a similar expression of ␣-2 receptors suggests that aging does not diminish downstream signaling involved in ␣-2 adrenergic receptor-mediated vasoconstriction.
An age-related decline in P2X (subtype 1) receptor density in rat tail (45) and cerebral arteries (34) has been reported. However, to date, no studies of the effects of aging on nonadrenergic receptor protein expression in the skeletal-muscle vascular bed have been reported. The present findings indicate that P2X and NPY-Y1 receptor density is not altered in a representative vessel from the skeletal-muscle vascular bed of the aged canine. It is not surprising that nonadrenergic receptor responsiveness is similar between young and old dogs, given the fact that nonadrenergic receptor protein expression was similar between the two groups. However, in our previous investigation, we demonstrated that tonic P2X receptor-mediated vasoconstriction was elevated, and NPY receptor-mediated vasoconstriction diminished in old compared with young dogs at rest (13) . The similarities in P2X and NPY receptor expression suggest that the previous finding must be explained by an increased release of ATP and a decreased release of NPY from sympathetic nerves, respectively, under resting conditions.
Experimental considerations. A major strength of the present experimental approach is the ability to study basic physiological mechanisms of vascular control in conscious, dynamically exercising animals by delivering selective agonists to a discrete vascular bed without altering blood pressure or blood flow in other vascular beds. The studies used a canine model, which has been used for previous studies of aging and cardiovascular function (13, (23) (24) (25) (26) (27) (28) (29) . Due to the long lifespan of this experimental model, the experimental design was necessarily cross-sectional. It should also be recognized that infusion of pharmacological agents into the entire hindlimb does not allow determination of the vascular response between individual muscles and the relative contribution of different segments of the vascular tree to the hindlimb vascular response. Behnke et al. (2) have reported that the low-oxidative white gastrocnemius muscle has a greater sympathetic tone and elevated ␣-adrenergic receptor responsiveness compared with highly oxidative red gastrocnemius and soleus muscle. Additionally, Musch et al. (36) have shown that old and young rats running at the same absolute intensity have similar hindlimb blood flows but an altered distribution of hindlimb limb flow toward type II muscles in aged animals. These findings highlight the potential for differential vascular control in different vascular beds and segments of the vascular tree, which could not be investigated with the present experimental approach. The receptor protein expression data reflect the effect of aging on a single vessel segment (feed artery) in a single muscle (gracilis). It is conceivable that the expression of vascular receptors may differ in different segments of the vascular tree and in different muscles. The determination of receptor expression by Western blot does not allow differentiation between receptors that are membrane bound and those in the cytoplasm. Thus it must be acknowledged that the receptor expression data may not be reflective of the amount of membrane-bound "functional" re- ceptors that were available to bind the neurotransmitter in the young and old dogs.
In conclusion, the present findings indicate that postsynaptic adrenergic and nonadrenergic receptor responsiveness is not altered by advancing age. Moreover, the expression of adrenergic and nonadrenergic receptors in skeletal muscle feed arteries is largely unaffected by aging.
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